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Summary

Hereditary medullary thyroid carcinoma (MTC) is caused by specific autosomal dominant gain-of
function mutations in the RET proto-oncogene. Genotype-phenotype correlations exist that help
predict the presence of other associated endocrine neoplasms as well as the timing of thyroid cancer
development. MTC represents a promising model for targeted cancer therapy, as the oncogenic event
responsible for initiating malignancy has been well characterized. The RET proto-oncogene has
become the rational target for molecularly designed drug therapy. Tyrosine kinase inhibitors targeting
activated RET are currently in clinical trials for the treatment of patients with MTC. This review will
provide a brief overview of MTC and the associated RET oncogenic mutations, as well as a summary
of the therapies designed to strategically interfere with pathologic activation of the RET oncogene.
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Introductory overview of the disease: epidemiology and pathophysiology

Thyroid cancer represents approximately 1% of malignancies occurring in the United States,
accounting for an estimated 33,550 cancer diagnoses and 1,530 cancer deaths per year. Of these
cancers, 2% to 3% are due to medullary thyroid cancer (MTC) [1]. MTC is a rare calcitonin-
producing tumor that arises from the thyroid gland parafollicular C cells, which are derived
from the embryonic neural crest. While the majority of patients with MTC have sporadic
disease, 25% to 30% of cases are due to hereditary forms of MTC [2]. The presentation of
disease in hereditary MTC is usually bilateral and multicentric, compared with a single,
unilateral thyroid tumor found in sporadic cases [3].

Hereditary MTC is classified according to three distinct clinical subtypes (Table 1). The most
common of these subtypes MEN2A, accounts for 70% to 80% of individuals with hereditary
MTC. MEN2A is characterized by MTC, pheochromocytoma, and primary
hyperparathyroidism [4]. Two rare variants of MEN2A have been identified, one with
Hirshsprung’s disease and the other with cutaneous lichen amyloidosis [2]. MTC is frequently
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the first neoplastic manifestation in MEN2A patients, with MTC occurring as early as in the
first 5 years of life. In families without an established diagnosis of MEN2A, patients typically
present with a neck mass between the ages of 15 and 20 years [2]. The second inherited subtype
of MTC, MENZ2B, accounts for only 5% of hereditary MTC cases. MEN 2B is characterized
by clinically aggressive MTC, pheochromocytoma, a Marfanoid body habitus, mucosal (and
other) neuromas, and intestinal tumors (mostly ganglioneuromas); these patients typically do
not manifest hyperparathyroidism [4]. The third inherited subtype of MTC is familial MTC
(FMTC). This subtype accounts for 10% to 20% of hereditary MTC cases; only the thyroid
gland is affected typically in these patients, although rare large families with both MEN2A and
FMTC also exist. In general, FMTC patients present later with MTC than those with MEN2A
or MEN2B, usually between 20 and 40 years of age [5].

MTC is the most common cause of death in patients with MEN2A, MEN2B, and FMTC [6].
Carriers of all variants of inherited MTC have a high penetrance for developing thyroid cancer:
90% of carriers of such predisposition eventually are diagnosed with MTC and present with a
palpable thyroid nodule or elevation of calcitonin levels [7].

of current optimal therapeutic practices

MTC is relatively unresponsive to radiation therapy and to standard chemotherapeutic
regimens [8,9]. Various chemotherapeutic regimens, including alkylating agents,
antimetabolites, and anthracyclines have shown no proven benefit in patients with metastatic
MTC [10-12]. Radiation therapy has only a palliative role in the treatment of MTC [13].
Surgery remains the only standard treatment for patients with MTC: total thyroidectomy that
is performed before MTC grows or spreads beyond the gland is currently the only curative
therapy.

Once MTC metastasizes, it has a tendency to spread to local and regional lymph nodes, and
more distantly to lung, liver, and bone [8]. Although MTC is often widely metastatic, it tends
to be a slow growing tumor. Patients with metastatic disease continue to have 5 and 10 year
survival rates of 80% and 70%, respectively [14]. However, and despite its slow growth, the
average survival for MTC is lower than that for other more common types of thyroid cancer,
such as papillary and follicular carcinoma which have a 90% to 94% 5-year survival rate,
respectively [15]. Decreased survival in MTC can be correlated with the stage of diagnosis.
Survival also varies by the extent of local disease, with 10-year survival rates as high as 95%
for patients with disease confined to the thyroid gland, and rates as low as 40% for those with
distant metastases [16].

In the early 1990’s, mutations in the RET proto-oncogene were found to cause MEN 2A, MEN
2B, and FMTC [17-19]. Following this discovery, it became possible to identify relatives of
patients with these syndromes who have inherited a mutated RET allele and in whom MTC is
almost certain to develop. Because MTC is not curable once it metastasizes beyond the thyroid,
it is now recommended that young members of kindreds with MEN 2A and 2B or FMTC have
genetic screening performed to determine if they are carriers of a RET mutation [4]. Current
practice recommends performing prophylactic thyroidectomy prior to the development of
MTC inat-risk patients [6,20]. Specific genotype-phenotype correlations have been established
that associate the clinical aggressiveness of MTC with the mutated codon of the RET protein
[4]. Therefore, the timing and extent of prophylactic surgery is dictated by germline analysis
of mutations [21]. For those patients identified by screening to have inherited a mutated RET
allele who go on to have prophylactic thyroidectomy, 5 and 10 year survival rates approach
100% [6,8,14]. In patients with sporadic MTC, however, genetic screening has rarely been
applied; these patients often present with metastatic disease [8,14].

Expert Rev Anticancer Ther. Author manuscript; available in PMC 2009 April 17.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lodish and Stratakis

Page 3

Structure and function of RET; mutations and recommendations

The RET proto-oncogene is located on chromosome 10g11.2 and includes 21 exons. RET
(REarranged during Transfection) was first identified and by Takahashi et al. in 1985 as a
proto-oncogene able to undergo activation after a genetic rearrangement [22]. RET encodes a
receptor tyrosine kinase with key roles in cell growth, differentiation, and survival; it is a
transmembrane receptor that consists of three functional domains, an extracellular domain with
four cadherin-like repeats, a cysteine-rich region, and an intracellular tyrosine kinase region
(Figure 1). Following ligand binding to the extracellular region, receptor dimerization is
mediated by activation of the cysteine-rich region that lies adjacent to the plasma membrane
[23]. Receptor dimerization leads to autophosphorylation of intracellular tyrosine residues,
which subsequently activate downstream pathways of signal transduction [23]. Ligands for
RET include those in the glial cell-line derived neurotrophic factor (GDNF) family, including
persepherin, artemin, and neurturin [24].

RET signals through multiple downstream pathways. One such pathway, the RAS/MEK/ERK
pathway promotes cell cycle progression; another downstream pathway, P13K/AKT/NF-xB,
leads to increased cell motility, survival, and progression through the cell cycle [25]. RET
activation also stimulates p38, MAPK, JAK/STAT, and protein kinase C [24,26]. RET is
expressed widely in neural-crest derived tissues such as noradrenergic and dopamanergic
neurons and neuroendocrine tissues including thyroid C cells and the adrenal medulla [27].
RET is also involved in the development of the enteric nervous system and the kidney [28].

The role of the RET oncogene in the development of MTC has been well characterized.
Activating RET germline mutations have been identified as the primary cause of all the
hereditary MTC syndromes: approximately a quarter to a third of all sporadic MTC cases and
up to 98% of MEN 2 cases have a germline RET mutation leading to constitutive activation of
the RET receptor; somatic RET mutations account for another quarter to half of all sporadic
MTCs [29].

The specific site of the particular mutated residue within the RET protein has been correlated
to phenotypic differences among patients with inherited MTC. For example, patients with
MENZ2A characteristically have missense mutations in exon 10 (codons 609, 610, 611, 618,
620) and exon 11 (codon 634) [4]. These mutations affect one of the six cysteine residues
present in the RET extracellular domain [30]. Mutations in these cysteine residues lead to
receptor homodimerization via the formation of disulfide bonds, rendering the receptor
activated regardless of the presence of ligand. In the case of MEN2B, more than 95 percent of
patients have a mutation at exon 16 (codon 918), in the tyrosine kinase domain of the protein.
This mutation renders the receptor activated in its monomeric state, and leads to increased
phosphorylation of intracellular tyrosine residues [31,32]. Patients with FMTC harbor
mutations in exons 10, 11, 13 (codon 768), and 14 (codons 804, 806) [4].

Total thyroidectomy is indicated in patients with inherited RET mutations, regardless of the
plasma calcitonin level. The International RET Mutation Consortium correlated patient
genotypes with clinical aggressiveness of hereditary MTC, and created guidelines for the
timing of prophylactic thyroidectomy: the patients at highest risk include those with MEN 2B
and RET mutations in codons 883 or 918 [4,29]. The guidelines call for prophylactic
thyroidectomy in these patients within the first year of life. Patients with MEN 2A or FMTC
who have mutations in codons 611, 618, 620, and 634 are at high risk and thyroidectomy should
be undertaken prior to the age of five years, whereas the timing of surgery of patients with
other mutations can be individualized; such a decision, however, should never be left for later
than early childhood [4,6,29].
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Targeted drug therapy in y thyroid cancer: Recent significant advances

Rationally designed small molecular compounds that affect tyrosine kinase-dependent
oncogenic pathways, tyrosine kinase inhibitors or TKIs, are promising potential treatments for
patients with MTC. One of the first such drugs to demonstrate efectiveness, imatinib, targets
the oncogenic tyrosine kinases BCR-ABL, KIT and other molecules; it has been shown to be
very effective in the treatment of chronic myeloid leukemia as well as gastrointestinal stromal
tumors [33]. Targeting activated RET has become a key strategy in the treatment of MTC
(Figure 1). RET-dependent pathways are ideal targets for molecularly engineered cancer
therapy: agents that specifically interfere with targets aberrant in MTC are ideal in that they
potentially provide a relatively high therapeutic window with low toxicity as compared to
conventional cytotoxic chemotherapy. Various classes of small molecule TKIs have shown
anti-RET activity in preclinical studies, including pyrazolopyridimidine inhibitors PP1 and
PP2, indolocarbazole derivatives CEP-701 and -751, 2-indolinone derivative RPI-1, and
anilinoquinazoline ZD6474 [34-36]. Among this group of compounds, the clinical
development of ZD6474 (vandetanib) is the most advanced.

Vandetanib is an orally available TKI that targets VEGF-dependent tumor angiogenesis and
EGFR and RET-dependent tumor cell proliferation [36]. Like other small molecule TKIs in
this class of anticancer agents, vandetanib competes with ATP and blocks autophosphorylation
and signal transduction. Pre-clinical studies showed that vandetanib inhibits RET with a 50%
inhibitory concentration of 100 nanomolar. In addition, vandetanib was shown to inhibit growth
in RET-transformed thyroid cell xenografts [37]. The ability of vandetanib to inhibit RET at
relatively low concentrations is an important feature when comparing this drug to other TKIs.
Imatinib, for example, is only able to inhibit RET activation and MTC growth at very high
doses. When used clinically in phase Il trial, imatnib showed no response in 15 patients with
MTC [38]. Phase 1 studies have shown vandetanib to be well tolerated at does of <300 mg/
day with once-daily administration. Its long half life (>120 h) supports once-daily dosing, and
steady-state levels are achieved in approximately 28 days. Common adverse events included
diarrhea, nausea, rash, hypertension, and asymptomatic QTc prolongation [36].

A number of phase Il studies of vandetanib in patients with locally-advanced or metastatic
medullary thyroid cancer are ongoing. A phase I, open-label study to assess the efficacy and
tolerability of vandetanib monotherapy in patients with locally advanced or metastatic
hereditary MTC is underway. Preliminary results in the first 20 patients accrued show that after
a median of 6.5 months of treatment, a greater than 50% decrease in plasma calcitonin was
observed in over 80% of the patients. Nearly a third of the patients showed an objective
remission (RECIST criteria), and stable disease was documented in another 50% of patients
[39,40]. Vandetanib appears to have anti-tumor activity in some patients; however, the data on
progression-free survival are still being collected. Currently, an international, phase I,
randomized, double-blinded, placebo-controlled, multi-center study to assess the efficacy of
vandetanib versus placebo in subjects with unresectable, locally advanced or metastatic MTC
is ongoing. We are currently conducting a phase 1/11 trial of vandetanib in children and
adolescents with hereditary MTC at the National Institutes of Health.

Because of its potent activity against RET receptor tyrosine kinase, vandetanib is being
investigated inpatients with other types of thyroid cancers in which RET-activating mutations
may be found. Constitutively active RET proto-oncogenes are also involved, for example, in
the development of papillary thyroid cancer (PTC). PTC is much more common than MTC,
accounting for 80-90% of all thyroid carcinomas [41]. It is frequently associated with
chromosomal rearrangements that align the C-terminal (RET tyrosine kinase-encoding
domain) with the promoter and N-terminal portion of unrelated genes, usually from other
chromosomes. These chromosomal translocations lead to the expression of a constitutively
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active chimeric form of the RET tyrosine kinase receptor with its associated oncogenic activity
[23]. RET-involving chromosomal translocations are found more frequently in sporadic
pediatric PTCs and in radiation-induced PTCs, in particular related to the Chernobyl accident
[42]. While first-line therapy for PTC is surgical resection and radioiodine therapy, TKIs may
have a role in patients with metastatic disease. A parallel-group, randomized, double blind,
placebo controlled, multicenter study is in progress to assess the efficacy and safety of
vandetanib in patients with metastatic PTC or follicular thyroid cancer (FTC).

Other oncogenic kinases implicated in the development of thyroid cancer have been targets for
molecularly designed therapies. BRAF (B-type RAF kinase) is a serine/threonine kinase
involved in the MAP kinase pathway. Activating mutations involving the oncogene BRAF are
found in 29 to 83% of all thyroid cancers, especially PTC. The compound BAY 43-9006
(sorafenib) binds to the Raf kinase domain, thereby causing inactivation [43]. Sorafenib has
been used clinically in patients with metastatic PTC, FTC, as well as MTC. Preclinical studies
of sorafenib show that it inhibits RET phosphorylation and thus may also be useful in patients
with MTC: cell lines harboring RET mutations at codon 804, which typically confer resistance
to ZD6474, were susceptible to sorafenib [44,45]. Potentially, sorafenib will be a useful therapy
in MTC patients who are resistant to other targeted molecular therapies. A phase Il trial of
sorafenib in patients with metastatic MTC is ongoing [46]. Sunitinib is another TKI with
moderate specificity for RET that is currently under investigation for use in thyroid cancer
patients, including MTC patients. Table 2 summarizes the therapies for treatment of MTC
currently in clinical trials.

Targeting pathways involved in signaling downstream of the RET proto-oncogene is another
rational approach to therapy of MTC. One such pathway, P13K/AKT/NF-kB, is activated by
RET and is associated with increased cell cycle progression. The proteasome inhibitor
bortezomib has been shown in-vitro to be effective in causing cell death in MTC cell lines at
low concentrations [47].

Finally, the use of highly selective oligonucleotide ligands, or aptamers, is another method of
targeting activated RET. The pre-clinical development of specific aptamers that disrupt RET
receptor dimerization is underway [48].

Ongoing challenges and unmet needs

Drug resistance to TKIs will likely emerge as one of the upcoming challenges in the field of
MTC treatment, just as is the case in other cancers where TKis have been used. In patients
receiving Imatinib for chronic myelogenous leukemia, for example, resistance emerges often
[49]. Further understanding of the mechanisms involved in drug resistance will be crucial to
the effective treatment of patients with MTC. It is likely that specific RET mutations will prove
to have different sensitivities to TKIs. Knowledge regarding the development of resistance
could potentially aid in the design of more effective small molecule inhibitors. The possible
ability to predict which patients harboring specific RET mutations respond best to specific
RET inhibitors may aid in the selection of patients to be treated. In the future combination
agents may be used to treat patients with resistance to particular RET inhibitors and it may
become possible to select specific combination therapies based on the unique characteristics
of the patient’s malignancy. Preclinical models have examined the use of TKIs in combination
with cytotoxic drugs that increase apoptosis, such as irinotecan, and an additive effect has been
shown [35].

Two possible additional mechanisms for targeting the RET proto-oncogene include molecular
mimicry and dominant-negative RET mutants. Molecular mimicry has been shown using in

vitro models to inhibit constitutively active RET [50]. Dominant negative RET mutants may
have a future role in the treatment of MTC: these mutant proteins can dimerize with oncogenic
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RET molecules, resulting in the retention of the protein complex in the endoplasmic reticulum,
blocking transduction and/or ultimately leading to increased apoptosis [51].

Another possible future direction for RET tyrosine kinase inhibition involves monoclonal
antibodies directed against RET. In breast cancer, the monoclonal antibody trastuzumab, that
targets the HER2/neu protein, has had remarkable success [52]. While several anti-ret
antibodies have been reported, none have been used clinically to date [53,54].

Summary and Conclusion

The only current cure for patients with MTC is total thyroidectomy performed at an early stage,
when the disease is confined to the thyroid gland. Standard chemotherapy and radiation have
not shown to be effective. MTC is a promising disease for the field of targeted drug therapy,
and the RET proto-oncogene is an excellent target for selective inhibition in MTC, as well as
a subset of patients with other, more common types of thyroid cancer. Inhibitors of the RET
proto-oncogene are promising potential therapies for patients with MTC and other thyroid
cancers where surgery, conventional chemo- and radiotherapy have failed.

Key issues

MTC is a rare calcitonin-producing tumor that arises from the parafolicular C cells
of the thyroid gland

Hereditary and most sporadic MTCs as well as several sporadic PTCs are caused by
genetic defects of the RET proto-oncogene

MTC is relatively unresponsive to radiation therapy and to standard chemotherapeutic
regimens

The RET proto-oncogene is an excellent target for small molecule inhibitors because
of its role in the development of several thyroid cancers

TKIs and other kinase inhibitors are promising agents in the medical treatment of
advanced thyroid cancer.

Five-Year View

A number of new agents for the treatment of MTC are in clinical development. Results from
a variety of clinical trials will likely become available in the near future. Many of these new
agents are small molecule inhibitors targeting the RET proto-oncogene. Combinations of
currently available TK inhibitors with second-generation TK inhibitors or with standard
chemotherapy may be beneficial to treat patients in whom drug resistance emerges. Treatment
options for MTC will likely expand in the next few years, ideally providing more therapies for
those patients with disease beyond the confines of the thyroid gland.
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Figure 1. Structure of the RET tyrosine kinase receptor and strategies for targeting RET activation
The RET receptor tyrosine kinase consists of three functional domains: an extracellular domain
with four cadherin-like repeats, a cysteine rich region, and an intracellular tyrosine kinase
region. Various strategies for targeting RET activation include tyrosine kinase inhibitors,

targeting downstream pathways,
autophosphorylation inhibitors.
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Table 1
Inherited subtypes of medullary thyroid cancer
Syndrome Characteristic Features
MEN 2A Medullary thyroid cancer
Pheochromocytoma
Primary hyperparathyroidism (may include Hirshsprung’s disease and cutaneous lichen amyloidosis)
MEN 2B Medullary t hyroid cancer
Pheochromocytoma
Marfanoud habitus
Intestinal and mucosal ganglioneuromatosis
FMTC Medullary thyroid cancer
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Table 2

Therapies for treatment of medullary thyroid carcinoma currently in clinical trials *
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Drug

Trial Phase

Class

Mechanism of action

NGR-TNF

Angiogenesis inhibitor

CNGRC is a peptide fused to the cyokine
TNF-0; CNGRC binds to endothelial
cells, subsequently TNF-ainhibits
angiongenesis [55].

Sunitinib

TKI

Blocks VEGFR2, PDGFRb and c-kit,
thereby inhibiting angiogenesis and cell
proliferation [56].

Sorafenib

TKI

Blocks RAF kinase, a component of the
RAF/MEK/ERK signaling patway that
controls cell division and proliferation;
also inhibits VEGFR-2/PDGFR-
Bthereby blocking angiogenesis [46].

Vandetanib

TKI

Selectively inhibits VEGF2 and
endothelial proliferation, blocks EGFR
and angiogenesis, blocks activated RET
[40].

XL184

TKI

Inhibits VEGF2, MET, and RET kinases
implicated in tumor formation. growth,
and migration [57].

AMG 706

TKI

Multi-receptor TK inhibitor, targets
VEGFR, PDGFR, kit, and RET [58,59].

Gefitinib

TKI

Inhibits EGFR, induces cell cycle arrest
and angiogenesis [60].

Bevacizumab and Sorafenib

Monoclonal antibody and
TKI

Bevacizumab is a humanized
monoclonal antibody directed against
VEGF, it inhibits VEGF receptor
binding. Combined with angiogenesis
inhibitor described above [61].

Imatinib with Dacarbazine and
Capeciabine

land Il

TKI, alkylating agent, and
antimetabolite

TKI (described above) in combination
with alkylating agent to induce apoptosis
and antimetabolite to inhibit DNA
synthesis

Axitinib

TKI

Small molecule inhibitor of VEGF
receptors [62].

In-111 Pentetreotide

Radioisotope

Radioisotope used to target malignancies
expressing somatostatin receptors [63].

Irinotecan

Topoisomerase inhibitor

S phase specific agent, inhibits
topoisomerase | activity, resulting in
DNA breaks that lead to apoptosis [35].

17-allylamino-demethoxygeldamycin

HSP90 inhibitor

17-DMAG binds to HSP90, a chaperone
protein that aids in the folding of proteins,
leading to degradation of kinases
involved in signal transduction and cell
cycle regulation [64-66].

Bispecific antibody and di-DTPA-1311

Radioimmnotherapy

Anti-CEAxanti-DTPA and di-
DTPA-1311 peptide to target radiation to
MTC tumor cells [67].

*
Data derived from ClinicalTrials.gov and www.cancer.gov/clinical trials by selecting medulllary thyroid carcinoma for trials posted prior to November
15, 2007. Abbreviations: TNF, tumor necrosis factor, VEGFR, vascular endothelial growth factor receptor, PDGFR, platelet-derived growth factor receptor,

EGFR, epidermal growtfh factor receptor; HSP90- Heat shock protein 90; TKI-Tyrosine kinase inhibitor
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